Nanocrystalline TiO 2 films doped by Eu were obtained by low-pressure hot target reactive sputtering at different annealing temperatures and then characterized both structurally and optically. Strong emission assigned to europium ions was observed in the visible range. No emission related to the TiO 2 matrix was detected, indicating an efficient excitation transfer from the matrix to the ions under nonresonant excitation. Europium emission strongly depends on the annealing temperature and reaches a maximum intensity for the sample annealed at 670 K before dropping sharply at higher temperatures. Emission, absorption, and photoluminescence excitation measurements indicate that this effect results from the influence of defect formation at higher temperatures.
In recent years, titanium dioxide ͑TiO 2 ͒ has received much attention due to its potential applications in solar cells, coatings, and photocatalysis. 1, 2 However, because of the indirect nature of the optical transition of bulk TiO 2 in the anatase phase, this material is rather excluded from many optoelectronic applications. To overcome this problem TiO 2 is fabricated as nanosized TiO 2 , which, if the grains are small enough, should exhibit luminescence at room temperature due to the quantum confinement effect, manifested here as a breaking of the k-selection rules for the indirect optical transitions. 3 However, this condition will be met only when the size of the nanocrystals becomes comparable with their characteristic excitonic Bohr radius, which is of the order of a few nanometers for this material. 4, 5 In this case, however, due to the high surface-tovolume ratio, the surface becomes a major factor influencing the radiative ͑and nonradiative͒ recombination, which has both advantages as well as disadvantages from an applications point of view.
The dangling bonds present on an unsaturated surface, O vacancies, O − , O 3 − , and OH species, Ti 3+ defect states ͑formed by trapping of electrons by Ti +4 cations 6 ͒, etc., introduce multiple states that reduce the energy gap and could localize photoexcited carriers activating the photochemical processes ͑adsorption and dissociation of molecules͒ at the surface, [7] [8] [9] [10] [11] interesting from the point of view of photovoltaic and catalysis applications.
To obtain an efficient emission from TiO 2 nanocrystalline materials for optoelectronic applications, a complete passivation of the surface states needs to be achieved to avoid a nonradiative recombination and a spectrally broad and uncontrollable emission from defect states and from carriers lost in photochemical processes.
An interesting approach to obtaining a spectrally narrow emission from the TiO 2 material together with high photoactivity at the surface is to dope them with the different lanthanide ions, which could play a role in the emission centers. This kind of material can be considered for use in such technological fields as optical sensors. Unfortunately, the biggest disadvantage of this approach is that the lanthanide ions ͑Ln 3+ ͒ are characterized by a very low absorption coefficient. 12 Thus, the most efficient way to excite them, and to force them to emit light, is through indirect excitation, namely via the energy transfer ͑ET͒ process 13, 14 or charge transfer ͑CT͒. 15 The efficiency of these processes will depend on the matrix properties ͑i.e., bandgap, defect states, phonons dispersion, etc.͒, which can be modified by changing a technological parameter, i.e., the annealing temperature.
Several papers have already shown that the emission of rareearth ions in different TiO 2 matrices ͑sol-gel films, 16, 17 ͒ is possible to achieve due to indirect excitation. However, there is still a lack of data on the excitation mechanism in this system, how the technological parameters influence this process, and if there is any correlation with photoactivity of the surface. Such data are sparse, especially in the case of hightemperature anatase TiO 2 nanocrystalline films obtained by sputtering.
Moreover, except for the applications where positively charged Ln +3 can function as an electron scavenger, which has repercussions for the photoluminescence ͑PL͒ and photocatalytic properties of TiO 2 , doping of the nanocrystals may have other consequences. In the case of light doping the most important are ͑i͒ lanthanide doping inhibits the phase transformation from amorphous to anatase in the TiO 2 solid, leading to higher thermal stability, 23 and inhibiting the anatase-to-rutile phase transformation as well, 24 or ͑ii͒ decrease the nanocrystals' grain sizes. 25 Additionally, in the case of high dopant concentration the most important effect is related to reduction of the TiO 2 bandgap 26 so that lower energy photons can be absorbed for photoreactions.
Thus, the aim of this work is to understand the excitation mechanism of europium ions in TiO 2 nanocrystalline films and how this process depends on the annealing temperature. For this purpose, optical measurements such as PL, total photoluminescence excitation ͑TPLE͒, and absorption spectroscopy have been used.
Experimental
Thin films were deposited on silicon and silica substrates by cosputtering of a mosaic Ti-Eu target in a reactive oxygen atmosphere using modified reactive magnetron sputtering, namely lowpressure hot target reactive sputtering. 27 A basic feature of the applied manufacturing process is the possibility of deposition of thin films in pseudoepitaxial growth conditions. 28 Thin films, directly after sputtering, are characterized by a densely packed structure with nanometer grains. Moreover, as has been reported in our previous work, 29 enhanced energy coming from reactive plasma made the undoped TiO 2 thin film occur in crystalline rutile form without any additional postannealing, usually required for structural anatase ͑or amorphous͒ to rutile phase transformation.
The thickness of deposited thin films, measured using a standard Fizeau interferometer, was about 600 nm. The total amount of Eu in the prepared thin films, evaluated with a scanning electron microscope-energy disperse spectrometer ͑Hitachi S-4700N, Noran Vantage͒, was 0.1 atom %. 29 After the deposition, selected samples were additionally treated in air ambient for 2 h at different temperatures up to 1070 K. The structure of the investigated samples was investigated by means of X-ray powder diffraction ͑XRD͒, performed with the help of a DRON-2 powder diffractometer and Fe-filtered Co K␣ radiation. The average size of the crystallites was calculated from XRD spectra in a conventional way according to the Scherrer formula. The structural XRD of TiO 2 -Eu thin films annealed at different temperatures have already been reported in our previous paper. 30 PL spectra were obtained using a 302 nm excitation wavelength of an Ar + laser. For PL excitation measurements, a 450 W Xe arc lamp was connected to a 0.18 m Jobin Yvon monochromator, which was used as an excitation source. The width of the excitation line was less than ϳ8 nm and the average excitation power density of the order of 0.1 W/cm 2 . For transmittance measurements, a tungsten halogen combined with a deuterium lamp was used as a light source. In all experiments the signal was detected by using an Ocean Optics HR4000 spectrometer.
Results and Discussion
Structural properties.-From XRD investigations of Eu-doped TiO 2 thin films as deposited or additionally annealed at different temperatures, the characteristic diffraction peak of the ͑101͒ plane of anatase TiO 2 was found to be at 2 Ϸ 29.5°in all cases ͑Fig. 1͒. Sputtering of metallic Eu in high-energy reactive oxygen plasma should result in the formation of Eu 2 O 3 crystal phase. However, neither Eu-oxides nor Eu-metallic phases were found after the deposition. This could be understood by taking into account ͑i͒ the low concentration of Eu ͑0.1 atom %͒ in the prepared thin films and ͑ii͒ the size of its oxide or metallic crystallites could be too small to be detected by XRD ͑i.e., remain in an XRD-amorphous state͒.
According to the literature, 28 anatase and rutile phases of pure TiO 2 appear after heat-treatment in oxygen atmosphere of 600 and 1000 K, respectively. However, in our experiment the anatase phase was only detected after annealing up to 1070 K, implying that the incorporation of Eu prevents the formation of the crystalline rutile TiO 2 . Similar results have also been found by Zeng et al. 31 for annealed TiO 2 -Eu sol-gel prepared thin films.
After annealing, an additional peak at 2 = 56.5°appears, which is characteristic for the ͑200͒ plane of the TiO 2 -anatase. This result, as well as the increase in the intensity and the decrease of the full width at half-maximum ͑fwhm͒ of the diffraction peaks, indicates that the crystallinity of the film is improved after heat-treatment; however, the anatase structure stays the same.
According to Scherrer's equation, D = k/␤ cos , where k = 0.9, is the X-ray wavelength, and ␤ is the fwhm of the diffraction peak, the crystallite sizes were determined as 17.4 nm for a nonannealed sample and 25.9, 21.8, 28.6 nm for samples deposited onto silicon substrate and annealed at 470, 670, and 1070 K, respectively. For all calculations of the crystallite size the most intense peaks with preferred ͑101͒ orientation have been used. In the case of samples deposited onto quartz substrate, crystallite sizes were determined as 18.2 nm for a nonannealed sample and 18.7, 23.9, 35.2 nm for samples deposited onto silicon substrate and annealed at 470, 870, and 1070 K, respectively.
Thus, it can be seen that generally the size of the nanocrystals increases with an increase in the annealing temperature.
To obtain more structural information about the investigated samples, X-ray photoelectron spectroscopy ͑XPS͒ spectra were measured; the results have already been published elsewhere. 30 From these results it has been found that the Ti 4+ oxidation state is present for all investigated samples and there was no indication of a Ti 3+ emission. Additionally, an indication of adsorbed hydroxyl species ͑OH − ͒ has been shown, which confirms the conclusion concerning the enhanced hydrophilic properties after Eu doping, which are also increased by further annealing at 1070 K. Similar to the XRD, no Eu photoelectron peaks were found because the Eu concentration in the prepared thin films ͑0.1 atom %͒ was below the detection range of an XPS analyzer. Figure  2 shows a PL spectrum of Eu-doped TiO 2 films obtained at different annealing temperatures with a 302 nm excitation wavelength. Five First, the appearance of these emission lines at nonresonant excitation indicates that the indirect excitation mechanism of Eu 3+ ions via either the energy transfer or the charge transfer is significant and these structures potentially may be used in optoelectronic applications.
Optical properties.-Emission properties of Eu ions.-
However, the appearance of two emission lines at around 620 nm instead of one, which can be clearly observed in Fig. 2 19 in the case of TiO 2 nanoparticles. Second, the optical properties of the europium ions strongly depend on the annealing temperature, as can be seen in Fig. 2 . Namely, the red emission ͑ϳ620 nm͒ intensity increases with increases in the annealing temperature and reaches the maximum at 670 K while above this temperature it decreases by almost three times when the temperature reaches 1070 K.
Moreover, no other emission bands ͑typically observed for undoped samples͒ were observed in all annealing temperature ranges at room temperature and in normal atmosphere. This is contrary to the report of Jia et al., 16 where the broad emission band ranging from 500 to 600 nm assigned to the recombination of excitons localized within TiO 6 octahedra 32, 33 was observed for the annealing temperatures from 370 up to 570 K and the emission at 815 nm ͑ϳ1.52 eV͒ related to defect states associated with Ti 3+ ions obtained by losing a neutral oxygen atom during heat-treatment. The absence of these emission bands in our case can be due to an efficient excitation energy ͑carriers͒ transfer to europium ions, high passivation of optically active defects states by the europium or other structural related effects. All these effects together make the comparison between the optical properties of doped and undoped films very difficult from the point of view of optical properties of the europium ions.
Observed changes of the emission intensity with the annealing temperature could be due to ͑i͒ phase transition of the TiO 2 matrix from the anatase to rutile phase, which should change the local environment of the ions, ͑ii͒ changes of the matrix absorption properties, ͑iii͒ the excitation energy transfer mechanism dependence on the annealing temperature, or ͑iv͒ europium ions' optical deactivation or removal when the temperature reaches 1070 K. This can be due to the agglomeration of europium ions at high temperatures and ion-ion quenching interactions. 34 Excluding the last possibility ͑due to the small concentration of europium ions͒, the emission intensity of the europium ͓I PL ͑Eu͔͒ in the case of the indirect excitation can be described as
where prob͑NC ABS ͒ describes the absorption probability within the TiO 2 matrix ͑nanocrystals͒, prob͑NC → Eu͒ the probability of the europium ion excitation ͑charge or energy transfer͒, and prob͑Eu EM ͒ the emission probability of the ion itself. Thus, to analyze the excitation mechanism and emission properties of Eu 3+ ions all three components should be considered.
Based on XRD results ͑Fig. 1͒, a phase transition up to 1070 K has been excluded, indicating that the local environment does not change significantly and thus the emission probability ͓prob͑Eu EM ͔͒ for optically active ions should not drop significantly at high temperatures. Moreover, the shape and broadening of the Eu-related emission lines does not change for all annealing temperatures, confirming that the local environment of the ions does not change significantly.
Thus, based on given arguments the changes in the europium emission with the annealing temperature are due to the changes in the absorption properties of the matrix ͑nanocrystals͒ and/or the excitation mechanism of the ions. Absorption properties of NC-TiO 2 :Eu.- Figure 3 shows both the transmission ͑Fig. 3a͒ and absorption spectra ͑Fig. 3b͒ of the investigated samples. The absorption spectra were obtained directly from the transmission ones assuming the average layer thickness of ϳ600 nm for all samples. In Fig. 3b , a highly efficient absorption in the UV region ͑Ͻ300 nm͒ can be observed. It is also clearly seen that spectra for different annealing temperatures are sharp and very similar, which may suggest a similar absorption mechanism not dependent on the annealing temperature and well-crystallized structure of NCs.
Moreover, in the case of TiO 2 doped by the europium ions, some electronic states are introduced into the bandgap of TiO 2 by Eu 4f electrons, which are located very close to the lower edge of the conduction band and could form a new lowest unoccupied molecular orbital. Consequently, the absorption band related to transition from ͑O 2p͒ VB orbitals to Eu 4f instead of Ti 3d could be formed. Also, other, energetically lower absorption transitions are possible, namely 4f Eu → ͑3d Ti͒ CB , and local excitation of Eu 3+ ions at the surface, i.e., ͑2p O͒ → 4f Eu, where a hole is left behind on nearby ligands. 35, 36 In consequence, the absorption edge should even be redshifted. 37 This is not the case, probably due to the small eu- ropium concentration ͑0.1%͒, while other authors, for Nd 3+ ions, have observed this effect for much higher dopant concentrations ͑ϳ1.5%͒. 37 Li et al. 21 did not observe any evident shift in the absorption spectrum when the TiO 2 NCs have been doped up to 5% of europium ions.
On the contrary, a sharp absorption edge is significantly blueshifted relatively to the lowest indirect transition of anatase bulk TiO 2 ͑E g = 3.2 eV or 386 nm͒, which may be associated with ͑i͒ the direct nature of the dominant absorption edge which appears in bulk at ϳ3.70 eV, [38] [39] [40] ͑ii͒ the formation of a phase different than the anatase phase in the material ͑excluded already͒, or ͑iii͒ exciton confinement in the semiconductor nanocrystals.
Thus, in the first step, theoretical estimation has been done based on the Brus formula 41 for parameters taken from Ref. 42 to analyze the possible influence of the quantum confinement effect on the observed blueshift. It has been found that the sizes of the nanocrystals ͑ϳ17 nm for as-grown sample͒ are greatly above the critical size, which allows one to observe the quantum confinement size effect. Thus, the confinement effects are not responsible for the blueshift of the absorption edge and should not influence any optical properties of the sample.
Thus, the obtained blueshift is simply due to the dominant influence of direct transition over that predicted by the theory lowest in energy indirect transition.
To assign the band-to-band transition, the absorption data were fitted to the well-known Tauc equations, 43 assuming both indirect and direct bandgap transitions, and the absorption edges energies have been estimated as 3.62, 3.58, 3.61, 3.54 eV for direct transition, and 3.31, 3.24, 3.29, 3.00 for indirect transition, for as-grown sample, and samples annealed at 470, 870, and 1070 K, respectively.
However, the interpretation of the absorption measurements and values obtained based on the transmittance could be questionable in the case of such a complex system, and could lead to some overinterpretation. The reason is both scattering and interference effects, 44 Urbach tail absorption, and other effects. The difficulties might also be related to the necessary analysis of the recorded signal in the framework of the effective medium theory. As a result, only estimates of the optical absorption edge often can be made from either ellipsometry or transmission measurements. 45 Excitation properties of Eu ions.-To better understand the data reported above and the excitation mechanism of Eu ions, we have performed TPLE measurements, aimed at obtaining the integrated PL signal vs the excitation energy. Figure 4b shows the normalized TPLE spectra measured at 617 nm ͑S1͒ emission of Eu-doped TiO 2 films, annealed at different temperatures. Similar TPLE spectra ͑see Fig. 4a͒ have been obtained for the S2 emission line, indicating a similar excitation mechanism for ions at both sites. Based on this fact, and analyzing the broadening and shape of the emission lines S1 and S2 ͑typical for the amorphous ions environment near the surface or at the surface͒, it has been assumed that we deal with two different sites of Eu 3+ ions at the nanocrystalline surface or very close to it. This is also because, after the high energy excitation, due to the indirect nature of the TiO 2 bandgap ͑longer lifetime͒, carriers will diffuse to the surface region and recombine nonradiatively within the ions placed mostly at the surface instead of relaxing to the energy levels of europium ions within the nanocrystalline core. This strong carrier separation has been already confirmed by Watanabe et al. 32 However, this does not indicate that there are not any ions inside the TiO 2 core, but the excitation efficiency for these ions is much lower and the observed emission should not be related to these ions. Moreover, because of the big difference of ionic radii between Ti 4+ ͑0.68 Å͒ and Eu 3+ ͑0.95 Å͒, Eu 3+ can hardly enter into the TiO 2 lattice [46] [47] [48] [49] [50] and, if it happens, a compressive stress is introduced into the thin film.
In Fig. 4b it can be seen that all spectra for the samples are in good agreement with each other, similarly as in the case of absorption ones. The emission intensity of the europium ions increases rapidly with changing the excitation energy and reaches a maximum around 330 nm ͑ϳ3.75 eV͒. Moreover, it is clearly observed again that the absorption peak is blueshifted relative to the indirect transition of anatase bulk TiO 2 ͑E g = 3.2 eV or 386 nm͒. Additionally, below the TiO 2 bandgap there also could be other excitation mechanisms of the ions related to defect states, mediated CT excitation, and direct excitation of Eu 3+ ion ͓from 51, 52 ͔ which can participate in europium excitation in the TiO 2 -based matrix, as shown by Xin et al. 20 In Fig. 4b , indeed a weak band below the absorption edge ͑at ϳ400 nm or 3.1 eV͒ appears for the sample annealed at 1070 K and could be related to the absorption of the surface states ͑defects, etc.͒, which is in agreement with other papers. 2, 53, 54 Moreover, the energy value of this band is in resonance with the higher 4f energy levels of europium ions. This correspondence between values of energy related to defect states excitation with the energy of the europium levels should increase the defect mediated energy transfer efficiency due to efficient coupling between these two. Figure 5 summarizes the obtained data and shows the absorption results both for direct ͑squares͒ and indirect ͑open squares͒ transitions together. Horizontal lines indicate the direct and indirect bandgaps for anatase and rutile TiO 2 , 55 and circles indicate the main Eu excitation band position taken from the TPLE experiment.
First, the values obtained for the TPLE band and absorption are very similar, if we assume that the dominant mechanism participating in Eu 3+ excitation is the direct absorption of the TiO 2 matrix. Because the bandgap values and density of states should not change with annealing ͑grain sizes are far from the strong quantum confinement limit͒ according to Eq. 1, changes of the Eu 3+ emission are only due to changes in the energy ͑charge͒ transfer with the annealing temperature or other quenching processes induced by defect formation or annihilation, e.g., back-transfer, which is activated at higher temperatures. Second, in Fig. 5 it can be seen that the energy of the absorption edge taken from the absorption data for the sample annealed at 1070 K decreases significantly by about ϳ200 meV relative to the literature data. This can be attributed to an increase in the number of defect states for this sample. This effect was also observed in the TPLE spectra, where the band at 3.1 eV appears when the sample is annealed at 1070 K. Thus, these defect formations can be responsible for the decrease in the emission intensity of Eu ions with an increase in the annealing temperature.
Obtained TPLE results, together with the absorption ones, confirm that the strong excitation band centered at ϳ330 nm can be related to the direct absorption transition of the anatase TiO 2 host, and in the next step the created charges are transferred ͑ET or CT͒ from the TiO 2 nanocrystalline core to Eu ions mostly placed at the surface. This process is probably influenced by annealing, because annealing increases the number of defects at the surface. Moreover, the amount of these defects should also depend on the grain sizes because a surface-to-volume ratio depends strongly on the NC size, 56 which also increases with the increase in the annealing temperature. Also, the carrier diffusion length-to-grain size ratio is significant; thus, the size effects should still be taken into account for the emission analysis.
All these defects will quench the europium emission ͑i͒ due to activation of the back-transfer processes or ͑ii͒ by capturing the carriers before they reach the Eu 3+ ions, both electrons responsible for Eu 3+ excitation and holes, which are responsible for reducing the Eu 2+ ground state again to Eu 3+ after the radiative recombination of the ion. In the case of a dominant emission quenching mechanism by carrier capturing, the photoactivity of the surface should also increase 57 because the efficiency of all processes related to photochemical reactions competes at the surface with the electron transfer to Eu 3+ ions. These could also be responsible for the increase in the adsorption of gases from the atmosphere, which should be at its strongest for the sample annealed at 1070 K. Indeed, based on our previous XPS 30 results, it has been found that the amount of OH − groups increases from 19 to 26% for the TiO 2 -Eu annealed at 1070 K. This adsorption activity increase could also reduce the Eu related emission, because it is well-known that these chemical species ͑OH − and H 2 O͒ always act as efficient quenchers of luminescent lanthanide ions by multiphonon relaxation 58 and, as was suggested by Tachikawa et al., 19 can also reduce the emission intensity by changing the local environment of the ions.
Thus, generally, annealing at higher temperatures ͑1070 K͒ might be responsible for the formation of new defect states at the surface but also for out-diffusion of already existing defects from the core to the surface. This defect formation has been confirmed by the redshift of the absorption edge and TPLE band formation at 3.1 eV for a TiO 2 -Eu sample annealed at 1070 K. Summary.- Figure 6 schematically shows a proposed description of the europium ion's excitation in TiO 2 nanocrystalline film. First, the excitation above the direct absorption edge of TiO 2 leads to the transition of electrons in the TiO 2 matrix from the valance to the conduction band.
At this stage three processes will compete against each other: ͑i͒ radiative e-h recombination within TiO 2 nanocrystals, ͑ii͒ e-h localization and nonradiative, resonant ET to Eu 3+ ions, ͑iii͒ or most probably the carrier separation and electron transfer to Eu 3+ ions at the surface ͑resonant, phonon-assisted, or defect mediated͒.
Only The annealing of samples at higher temperatures creates new defect states within the TiO 2 bandgap. These defect states are marked in Fig. 6 as DS. The lower energy limit for these defect states has been estimated from the absorption tail obtained from a sample annealed at 1070 K as 200 meV below the indirect absorption edge. The discussed defect formation could open two quenching channels for europium emission. The first one is related to the efficient capture of electrons before they reach the europium ions, followed by photochemical processes with molecules presented in Fig.  6 and described in detail elsewhere. 2 The second one could be related to the back-transfer ͑BT͒ process . However, based on our optical results, the mismatch ͑ϳ1.0 eV͒ of the europium emission energy ͑ϳ2.0 eV͒ with the absorption of defect states ͑ϳ3.0 eV͒ and the absence of the emission related to deep defect states ͑i.e., Ti 3+ ͒ for all annealing temperatures suggest that the BT is not significant in this case.
Thus, the observed quenching in the europium emission is related to the formation of defects and efficient capture of carriers at the surface before they reach the europium ions. This should also promote strong photoactivity of the surface, which should also increase with the annealing temperature. To verify this, other experiments are already in progress and the results will be published elsewhere.
Conclusions
In this work the influence of the annealing temperature on the excitation mechanism of europium ions in nanocrystalline TiO 2 films has been discussed. First, it has been found that doping by Eu ions stabilizes the TiO 2 anatase phase up to 1070 K.
Second, strong Eu-related emission has been observed for this system and no emission related to the TiO 2 matrix at nonresonant excitation, indicating the efficient energy transfer from the matrix to the europium ions.
Moreover, it has been shown that Eu-related emission strongly depends on the annealing temperature, reaching the maximum intensity for annealing at 670 K and then dropping dramatically. This correlates with the redshift of the absorption edge for the sample annealed at 1070 K due to the defect states formation. Additionally, the obtained results suggested that the direct, and not indirect, absorption transition is more favorable in anatase TiO 2 nanocrystalline films. Therefore, the emission of Eu 3+ ions is achieved mainly through the direct band absorption of the TiO 2 host matrix and CT to europium ions. Moreover, for europium-related emission the correlation with a defect formation indicates that the control of the emission efficiency of the Eu 3+ ions in this kind of system could be achieved by changing the annealing temperature and, consequently, changing the number of defects which intermediate in transferring the excitation energy to the ions.
